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The dot size dependence of the magnetization reversal process in perpendicularly magnetized   -FePt dot arrays has been investi-
gated in terms of minor loop measurement and magnetic domain observation. For the dots with diameters of 0.25 and 1 m, the initial
applied field  

 required to saturate the coercivity in the minor loop starting from the thermally demagnetized state is smaller
than saturated coercivity  

, indicating a typical nucleation-type magnetization reversal process. For the dots with diameters of 2.3
and 5 m, on the other hand, 

is larger than 

. The magnetic force microscopy images show that the field to wipe out domain
walls increases with the dot size, which is consistent with minor loop measurements. The phenomenological analysis for the dots with
diameters of 0.25 and 1 m indicates that irrespective of the dot size the annealing reduces the size of the defect regions and leads to the
enhancement of the coercivity due to the recovery from the microfabrication damage.
Index Terms—  -FePt alloy, magnetic domain structure, magnetization reversal process, microfabricated dot arrays.
I. INTRODUCTION
RECENT development of areal density of magneticrecording has already achieved 200 Gbit/in , and is
progressing to achieve terabit recording. The demand for ultra-
high density magnetic storage devices drives the bit size into a
nanometer scale. However, a crucial issue for nanometer-sized
magnetic materials is the thermal instability of magnetization
due to the reduction of their magnetic volumes. -FePt alloy
is one of the most promising materials for future ultrahigh
density magnetic storage devices because its huge uniaxial
magnetocrystalline anisotropy ( erg/cc) [1] leads
to the excellent thermal stability of magnetization.
Self-assembled FePt particulate films and lithographically
patterned FePt dot arrays showed nucleation-type magneti-
zation reversal processes [2], [3], and their coercivities
depended strongly on the film morphology and the dot size.
The understanding of the detailed mechanism on magnetization
reversal processes is important for practical application. A
phenomenological analysis, proposed by Kronmüller and his
collaborators [4], [5], described the magnetization reversal
process of sintered permanent magnets such as Nd-Fe-B and
Sm-Co from the viewpoint of the inhomogeneity of microstruc-
ture, and has been applied to a wide range of magnets [6],
[7]. The phenomenological analysis enables us to evaluate the
defect region for the nucleation of a reversed domain. In a
previous paper [8], the phenomenological analysis was applied
to microfabricated FePt dots with a diameter of 0.25 m, and
its result showed that the defect region phenomenologically
analyized was reduced by post-annealing, which led to the
increase of [8]. This implies that the size of the defect
region is related with .
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This paper reports the dot size dependence of the magnetiza-
tion reversal process for FePt dot arrays with different dot sizes.
Their initial magnetization reversal processes have been inves-
tigated in terms of minor loop measurement and magnetic do-
main observation. Furthermore, the dot size dependence of ,
the defect region , and the effective demagnetizing factor
are discussed based on the phenomenological analysis.
II. EXPERIMENTAL PROCEDURE
A thin film with the layered structure of FePt (50)/Au (40)/Fe
(1) (in nanometers) was first prepared on a MgO (001) single-
crystal substrate using an ultra-high voltage (UHV) compatible
magnetron sputtering system. Fe seed and Au buffer layers were
deposited at room temperature, and a FePt layer was epitaxially
grown at 300 C, and subsequently annealed at 500 C for 15
min. FePt dots with a circular shape were fabricated through
the use of electron-beam lithography and Ar ion etching. The
microfabrication process was the same as that used in previous
studies [3], [8]. The diameter of the dot was varied in the
range from 0.25 to 5 m. Post-annealing after microfabrication
was performed at 500 C for 15 min. The structure was char-
acterized by X-ray diffraction, which confirms that the epitaxial
layered structure is not changed even after microfabrication, and
the preferential crystallographic orientation of the FePt layer is
the [001] direction. The magnetization curves of FePt dots were
measured in the temperature range from 50 to 310 K using a
superconducting quantum interference device (SQUID) magne-
tometer. The magnetic domain structure was observed at room
temperature by a magnetic force microscopy (MFM), which was
performed with applied field in the range from 0 to 5 kOe.
III. EXPERIMENTAL RESULTS AND DISCUSSION
The magnetization curves for an unpatterned continuous film
and the dot array with 0.25 m are shown in Fig. 1. The
solid curve represents the result of the dot array, and the broken
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Fig. 1. Magnetization curves for a continuous film (broken line) and FePt dots
with the diameter of 0.25  m (solid line). The magnetic field was applied in the
perpendicular direction to the film plane.
one represents that of the continuous film. The magnetic field
was applied perpendicularly to the film plane. For both cases,
the easy magnetization axes are the perpendicular direction to
the film plane. The continuous film shows small of 0.8 kOe.
After patterning the continuous film into the dot shape, dras-
tically increases up to 7.5 kOe. The dots with other diameters
also show the increase of after patterning as shown later.
In order to investigate the initial magnetization reversal
process, the minor hysteresis loops were measured. Fig. 2(a)
shows the minor hysteresis loop for the FePt dots with 5 m
after applying an initial field of 5 kOe. The sequence of
the measurement was denoted by the arrows. Starting from the
thermally demagnetized state, magnetic field is increased up to
, and then reversed to 50 kOe. Finally, the full hysteresis
loop was measured from 50 kOe to 50 kOe. The value of
, which is the coercive field in the negative field region for
the minor hysteresis loop, is obtained to be 0.6 kOe for the
dots with 5 m at 5 kOe. Through the same sequence,
the minor hysteresis loops were measured with different
for all the dot arrays. The results were summarized as the
dependence of of the minor hysteresis loops in Fig. 2(b).
For 0.25 and 1 m, the fields to saturate in minor loops
are significantly smaller than the saturated values of
, which indicates a nucleation-type magnetization
reversal process. For 2.3 and 5 m, however, the values
of are larger than . It is obvious that increases
with decreasing . In Fig. 2(c), and were normalized by
, where corresponds to of the full hysteresis loop.
For 0.25 and 1 m, , while for 2.3 and
5 m, , which indicates that the initial magneti-
zation process does not show typical nucleation-type behavior
in the case of the dots with larger diameters. Fig. 3 shows MFM
images for the dots with 0.25 m (Fig. 3(a)–(d)) and 1
m (Fig. 3(e)–(h)) when the applied magnetic field is increased
from 0 to 5 kOe gradually. In the initial state ( 0 kOe),
multiple domains are observed for both diameters, where the
bright and dark contrasts correspond to the magnetization
directions upward and downward, respectively. Compared with
the result for 0.25 m including three or four domains, the
dots with 1 m have a large number of domains. When a
Fig. 2. (a) Minor hysteresis loop (solid circles) for the dots with the diameter of
5  m. The initial magnetic field    of 5 kOe was applied. The arrows denote
the sequence of the measurement. The broken line is the full hysteresis loop. (b)
 dependence of the coercive field in the minor hysteresis loop    for FePt
dots with the diameters of 0.25  m (solid circles), 1  m (open squares), 2.3  m
(solid triangles), and 5  m (open triangles). (c) normalized by the coercivity
of the full hysteresis loop     as a function of  normalized by the
same value of coercivity    .
magnetic field of 2 kOe is applied, the bright region expands
and the dark region shrinks, which means the movement of
domain walls. With increasing the magnetic field to 5 kOe, the
expansion of the bright region is more obvious for 0.25 m,
and the dots with 0.25 m entirely turns bright. In other
words, the multiple-domain state changes into the single-do-
main state. For 1 m, however, the domain walls still
remain in the dots. Comparing the result for 0.25 m with
that for 1 m, the domain walls for 0.25 m are easily
wiped out by small initial magnetic field. These results imply
that the multiple-domain state becomes stable with increasing
. The increase of the dot size corresponds to the increase of the
aspect ratio of the diameter to the height of the dot. Therefore,
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Fig. 3. MFM images for the FePt dots with the diameters of 0.25  m ((a)–(d)) and 1  m ((e)–(h)). The MFM observation was performed at the magnetic field of
0 kOe ((a) and (e)), 2 kOe ((b) and (f)), 3 kOe ((c) and (g)), and 5 kOe ((d) and (h)).
TABLE I
 ,  ,  , ,   , AND  FOR DOTS WITH   0.25AND 1  m BEFORE AND AFTER ANNEALING
the magnetostatic energy in the single domain state increases
with , which leads to the stable multiple-domain state.
The phenomenological analysis of the magnetization reversal
process allows us to evaluate and for the FePt dots.
Taking into account the deviation of a real magnet from the ideal
situation, the phenomenological analysis modifies from the
theoretical limit, and it is given by
(1)
where and are uniaxial magnetic anisotropy and sat-
uration magnetization, respectively, and two microstructural
parameters and are introduced. is an averaged local
effective demagnetization factor. includes the pinning or
nucleation effect of the inhomogeneity of magnetocrystalline
energy and the effect of the misalignment of grains .
Then, . From the X-ray diffraction pattern (not
shown here), was obtained to be 0.95. is given by
, where is the domain wall width of 5.7 nm.
Consequently, the value of is related with . The parameter
fitting of the temperature dependence of , , and to
the formula (1) gives and (detailed procedure has been
published elsewhere [8]). As we discussed above, the minor
loops for 0.25 and 1 m show typical nucleation-type
behavior. Then, the phenomenological analysis was applied
to those dot arrays. Table I summarizes , , , , ,
and for the dots with 0.25 and 1 m before and after
annealing. For both dots with 0.25 and 1 m, increases
and is reduced after annealing, which supports that the
value of is an important parameter to determine . The
present relationship between and is consistent with the
results reported previously [8], which indicates the annealing
promotes the recovery from damages, leading to the reduction
of and the enhancement of . Although is reduced
and increases irrespective of the dot size, which supports
that the increase of results from the reduction of by
annealing, there is no clear correlation between the dot size
and observed in the present result, and further systematic
investigation will be required to elucidate this point. Both the
dot arrays show small compared with those for sintered
permanent magnets. These small may result from the
high crystallinity of epitaxial films and/or the small dipolar
interaction between dots with well-defined geometry prepared
by lithographical technique.
Although the initial magnetization processes for 2.3
and 5 m seem to show not typical nucleation-type behavior
but rather pinning-type behavior as shown in Fig. 2(c), the pin-
ning-type reversal does not explain its magnetization reversal
process. Note the full magnetization curves for 5 m shown
in Fig. 2(a). The nucleation of the reversed domains easily oc-
curs at a low magnetic field and the reversed domains smoothly
propagate. If the domain wall pinning is the main magnetiza-
tion reversal process, the reversed domains are trapped by pin-
ning sites and may show a larger value. Therefore, we con-
sider the magnetization reversal processes for 2.3 and 5 m
are a kind of nucleation-type reversal process as in the case of
0.25 and 1 m. However, the stability of the multiple-do-
main state strongly depends on the dot size, which determines
the required magnetic field to wipe out the domain walls from
the dot.
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IV. CONCLUSION
The magnetization reversal process was investigated for the
FePt dots with different . Initial magnetization process for dots
with 0.25 and 1 m showed typical nucleation-type be-
havior. For 2.3 and 5 m, however, the larger
was required to wipe out the domain walls due to the increase
of the magnetostatic energy. The phenomenological analysis for
0.25 and 1 m shows annealing promotes the recovery
from the damage, which leads to the reduction of and the
enhancement of . All the dot arrays showed small com-
pared with those for sintered permanent magnets.
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